DNA from ancient organic remains has been extracted in a number of cases (e.g., see refs. 1-5). On two occasions, molecular cloning made it possible to obtain DNA sequences from such remains (6, 7) . However, a serious concern pertinent to the study of ancient DNA is the occurrence of postmortem damage in DNA extracted from archaeological specimens, since such damage may make impossible the application of many molecular biological techniques and/or cause erroneous sequence information to be obtained (8, 9) .
To make general statements about the state ofpreservation of DNA in ancient dry remains of soft tissues, I have extracted nucleic acids from 12 specimens representing a wide variety of geographical regions and different time periods. Here I report the nature of the chemical modifications present in these DNA samples and show that, whereas these modifications render molecular cloning techniques difficult and possibly error prone, the recently developed polymerase chain reaction (PCR) is likely to produce reliable sequence information from many ancient tissue remains. This has wide implications in that it opens up the possibility of using museum specimens as well as archaeological finds to address questions of historic, evolutionary, and taxonomic significance.
MATERIALS AND METHODS
Samples. Twelve specimens (A-L) were used for DNA extraction: A, a 4-year-old piece of dried pork from Loten, Norway; B, a piece of skin from a stuffed marsupial wolf (Thylacinus cynocephalus), kept since 1869 in the Zoological Museum of the University, Zurich; C, a 13,000-year-old skin from a ground sloth (Mylodon) originating from the Ultima Esperanza Cave, Chile, now in the British Museum (Natural History), London; D, skin from a natural mummy from Sayala, Egyptian Nubia, 6th-12th century AD (body K9/7); E, same as D (body K13/2); F, skin from a 5000-year-old natural mummy from Gebelein, Egypt (19) , end-labeling (without prior phosphatase treatment), precipitation with trichloroacetic acid (TCA), hybridization, and autoradiography were by standard techniques (18) . Hydrolysis of DNA and high-performance liquid chromatography (HPLC) of the bases were performed as described (20) .
Quantitation of the ancient DNA was performed by an ethidium bromide dot assay (18) as well as estimations from ethidium bromide-stained gels. Determinations of concentrations by absorbance at 260 nm proved impossible to perform in most extracts because of an unknown component that exhibited peak absorption at -215 nm. All determinations of ancient DNA concentrations should be regarded as tentative since it is not known how the lesions present in the DNA affect its ability to intercalate fluorescent dyes.
Alkali sensitivity was assayed by adding 0.5 .ug of salmon sperm DNA to the end-labeled sample followed by NaOH to a final concentration of 0.3 M. Incubation was at room
Abbreviations: PCR, polymerase chain reaction; TCA, trichloroacetic acid; endo III and IV, endonucleases III and IV; AP, apurinic/apyrimidinic.
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Enzymatic amplification by the PCR (27) was performed as described (16) using heat-resistant Thermus aquaticus (Taq) DNA polymerase (28) . The primers used to amplify and sequence human mitochondrial DNA were as follows: D3E, (29) . Underlined sequences were added to the 5' ends to create restriction sites. Primers A and B, specific for region V of the mitochondrial genome, have been described (30) . Single-stranded template for sequencing was generated by the unbalanced primer method (31) . RESULTS DNA Extraction. DNA was prepared from 0.1-0.5 g of the samples and 8% of each extract was analyzed by agarose gel electrophoresis. In all extracts discussed here and in >90% of all extracts prepared from well-preserved desiccated tissues, DNA could be visualized by ethidium bromide staining of agarose gels (Fig. 1 per g of dry tissue. The majority of the samples seemed to be double-stranded, since they stained green with acridine orange (ref. 2; data not shown). However, when the amount of human DNA in the extracts of ancient human tissue was determined by probing aliquots of the extracts, which had been immobilized on nitrocellulose filters, with a nicktranslated probe containing a human Alu repeat, the amounts of extracted human DNA varied between 0 and 200 ng per g of tissue-i.e., 3 orders of magnitude lower (data not shown). Since one explanation for this discrepancy could be a substantial amount of damage occurring in the ancient DNA, the extracted DNA samples were analyzed for base damage.
DNA Damage. Approximately 400 ng of DNA from each of the extractions was hydrolyzed under acid conditions and the released nitrogenous bases were analyzed by reversed-phase HPLC. As shown in Fig. 2 , a sample extracted from 4-year-old dried porcine muscle contained the four unmodified bases as well as two additional minor peaks. This chromatographic picture was indistinguishable from a DNA sample extracted from a human cell line. In contrast, the ancient DNA samples showed a drastically different pattern. Whereas adenine and guanine could still be resolved in relative amounts approximately similar to those present in the contemporary sample, cytosine and thymine were present in greatly reduced amounts, the latter at <5% of the expected amount. In addition, a number of new peaks appeared in the analyses of the ancient samples. Most of these peaks eluted early in the chromatogram and presumably represent ring-fragmented and/or ring-saturated pyrimidine derivatives, which are known to elute early on reversedphase HPLC analysis (e.g., see ref. 32 ).
Since pyrimidines, in particular thymine, are known to be substantially more sensitive to oxidative damage than purines (33) Table 1 . The 4-year-old pork sample was not sensitive to alkali to any greater extent than a contemporary salmon sperm DNA. However, the ancient DNAs were highly alkali sensitive. Since oligonucleotides >20 bases long can be precipitated by TCA (18) , it was estimated that more than one alkali-sensitive site per 20 bp must exist in the ancient DNA.
Alkali-sensitive sites in DNA can be caused by apurinic/apyrimidinic (AP) sites as well as by modifications of sugar residues (34) . To distinguish between these classes of lesion, the samples were further assayed by endo IV, an enzyme specific for AP sites (21) . Approximately half of the labeled molecules were shown to be sensitive to endo IV and thus contain AP sites. The remainder of the alkali-sensitive sites are inferred to represent modified sugar residues. Furthermore, the DNA samples were analyzed by endo III. This enzyme specifically removes 5',6'-saturated pyrimidine products (35) from DNA creating AP sites, which are then susceptible to p-elimination promoted by endo III. All ancient DNA samples proved to be highly sensitive to the action of endo III, whereas the contemporary pork sample was essentially resistant. Therefore, at least 1 pyrimidine in 10 was modified in the ancient DNA. In contrast, the ancient DNA was to only a limited and variable extent sensitive to the action of uracil-DNA glycosylase, an enzyme that removes uracil from DNA, creating AP sites susceptible to endo IV. This indicates that deamination of cytosine has played only a minor role in the postmortem modification of these DNA samples. Taken together, these data show that a high amount of oxidative damage is present in old DNA.
To further analyze possible damage in the ancient DNA, one sample was subjected to electron microscopy. In Fig. 3 of 90 bp. When the clones were probed with a human Alu repeat, several positive clones were identified, four of which were sequenced. As illustrated in Fig. 4 , the inserts of these clones were of an average length of 53 bp and displayed a high degree of similarity to an Alu consensus sequence. In fact, of the 11 single nucleotide positions at which these clones differ from the consensus sequence, 10 are known to occur frequently in Alu repeats (38) . Furthermore, the insertion of the dinucleotide CT at position 64 of the consensus sequence is diagnostic of a class ofAlu sequences (37) . Thus, no evidence of major postmortem changes can be seen in the DNA sequences of these clones. However, clone 11:2 carries a T at position 30, which is not common among Alu repeats, and clone 12:2 is truncated from the 5' end at approximately position 25 and joined to a sequence that displays no similarity to an Alu sequence. Even if the latter situation is not unprecedented (39) , these features could represent cloning artifacts.
Enzymatic Amplification. Approximately 1 tkg of DNA extracted from the same sample used for molecular cloning was subjected to enzymatic amplification by PCR. To overcome an inhibitory activity present in the ancient DNA extract, large amounts of the Taq polymerase had to be added to the amplification reaction mixtures (cf. ref. 16 ). Mitochondrial DNA sequences were chosen for amplification since mitochondrial DNA polymorphisms are highly suited for anthropological studies (40) and because mitochondrial genomes occur at a high copy number in most cells, which may facilitate their survival and detection. Three pairs of primers specific for various segments of the mitochondrial genome were used. These primers are expected to amplify DNA segments of 84, 121, and 471 bp. Fig. 5 shows an electrophoretic analysis of the amplification products after 40 cycles of PCR. A single specific band of the expected size was resolved as well as a dimer of the primers used in the case of the 84-and 121-bp-long amplifications from the ancient extract. The high enzyme concentration present caused additional nonspecific amplification products to arise in some of the amplifications performed from control extracts, where no tissue had been added to the extraction buffer. These products do not contain the relevant DNA sequence and are not observed when small quantities of human DNA, containing adequate templates, are added to the extract (data not shown). Also shown in Fig. 5 are analogous amplifications from 1 ng of contemporary human DNA. It can be seen that the 84-bp and the 121-bp-long amplifications from 1 ,ug of the ancient extract yielded specific products in approximately the same amounts as did 1 ng of contemporary DNA. In the case of the 471-bp-long product, only the contemporary DNA yielded any product. In fact, the longest amplification product that could be generated from this extract was 140 bp long. Thus, the size reduction of the DNA (Fig. 1) and the oxidative damage present are setting limits to the size of the fragments that can be amplified. mummy), and L ("4000-year-old liver) were end-labeled and subjected to indicated treatments. Then, TCA precipitations were performed. Numbers indicate the fractions of radioactivity that were precipitable when compared to mock-treated samples. The specific PCR products generated from the ancient DNA were isolated from an agarose gel and their sequences were determined by direct sequencing. Unambiguous and identical results were obtained in several amplifications from the same extracts as well as from three additional extracts prepared from different parts of the'mummified liver. The sequences derived from the displacement (D) loop as well as region V of the mitochondrial genome appear in Fig. 4 . The D-loop sequence differs at two positions from the published human mitochondrial sequence (29) . At position 16223 it carries a T instead of a C, which is present in 18 of 22 human D-loop sequences determined in this laboratory (T. Kocher and L. Vigilant, personal communication). At position 16249, it carries a C instead of a T, which is a sequence variant that has not been seen in any other human sequence determined to date. The region V sequence differs at one position (position 8251) from the published sequence. This sequence represents a silent G to 'A transition, which has 'been described in several types of mitochondrial DNA from various geographical groups (16, (41) (42) (43) .
DISCUSSION
It is evident from the data presented in Fig. 1 year-old Thylacinus sample are degraded to a comparable extent as the DNA from the 13,000-year-old Mylodon extract, whereas the predynastic 5000-year-old Egyptian mummy samples seem to be degraded to a lesser extent. Since nuclear DNA is degraded rapidly after death by endogenous hydrolytic processes (45) , it! seems likely that the rapidity with which the body has been desiccated immediately after death is a major factor that determines the extent of size reduction of the DNA.
After the initial desiccation of the tissue, the DNA can be expected to have been largely protected from the hydrolytic damage'affecting DNA in hydrated tissues. Instead, however, the DNA from desiccated soft tissues is severely damaged by oxidation. A large proportion of pyrimidines, in particular thymine, was shown to be modified in ancient DNA when analyzed by reversed-phase HPLC. Furthermore, assays for various lesions and electron microscopy demonstrated that oxidation products of pyrimidines, AP sites, damaged sugar residues, as well as intermolecule cross-links were present at high frequency in the ancient DNA. This is reminiscent of the pattern of damage described in DNA irradiated by yrradiation (46, 47) . It is noteworthy that no correlation with age could be detected, neither in the extent of sensitivity to lesion-specific enzymes nor in the HPLC patterns of the bases. This may be due to the fact that the oxidative damage reaches a plateau in a comparatively short time span, after which it has only minimal additional effects. Alternatively, the conditions under which the individual specimens have been preserved may be of decisive importance. The 
